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Abstract
Dark Matter constitutes most of the matter in the presently accepted cosmological model for our
Universe. The extreme conditions of ordinary baryonic matter, namely high density and compactness,
in Neutron Stars make these objects suitable to gravitationally accrete such a massive component
provided interaction strength between both, luminous and dark sectors, at current experimental level
of sensitivity. We consider several different DM phenomenological models from the myriad of those
presently allowed. In this contribution we review astrophysical aspects of interest in the interplay of
ordinary matter and a fermionic light Dark Matter component. We focus in the interior nuclear medium
in the core and external layers, i.e. the crust, discussing the impact of a novel dark sector in relevant
stellar quantities for (heat) energy transport such as thermal conductivity or emissivities.
Keywords: dark matter; stars: neutron; dense matter.
1 INTRODUCTION
As early as 1933 the discovery made by F. Zwicky about
visible matter being only a tiny fraction of the mat-
ter in our Universe, evidenced that our understanding
of the cosmos was far from being complete. Since that
date a variety of further indications including galactic
rotation curves, anisotropies in the cosmic microwave
background, distribution of galaxies, etc, points to the
existence of cold non-luminous sector of particles, i.e.
Dark Matter (DM), see Hubble & Humason (1931); Ru-
bin & Ford (1970); Clowe et al. (2006). Nowadays, this
paradigm is well accepted by the scientific community
and we know DM constitutes the most abundant type
of matter in our Universe, being its density experimen-
tally well-determined, ΩCDMh2 = 0.1199 ± 0.0027 by
the Planck Collaboration et al. (2014), although its true
identity remains unknown, see for example a discussion
in Bertone & Hooper (2016).
The Standard Model (SM) of particle physics alone is
not capable to explain the nature of this DM, suggest-
ing that it must be extended. Current experimental con-
straints come from attempting different strategies. Di-
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rect detection searches of thermalized galactic DM (χ)
are mainly based on nuclear recoils on selected targets.
For the interaction cross-sections with nuclear matter
(i.e. nucleons, N), there are at least five orders of magni-
tude remaining to be fully tested, namely σχN ∼ 10−43-
10−48 cm2 in themχ ∼ few GeV mass scale. DM particle
existence could also be deduced from their annihilation
products in indirect search experiments. In the case of
a Majorana candidate, the indirect signal expected at
Earth involving detection of gamma-rays or neutrino fi-
nal products is still under debate, see Cirelli (2012). A
possible (tiny) modification of standard physics in sys-
tems of interest is another way to indirectly detect its
presence. Along this direction rely other lines of research
such as the modification of the emissivity of Standard
Model neutrinos (or steriles) in solar reaction chains
that have been suggested by Lopes & Silk (2010). In ad-
dition, colliders aim to produce DM candidates through
decay or annihilation of SM particles Khachatryan et al.
(2015); Aad et al. (2015).
In the light (low) mass region of DM candidates
(LDM), mχ . 1 GeV/c2, cosmological, astrophysical
and collider constraints seem to be the most significant,
due to the fact that particles with masses smaller than
that of the nucleon can only provide kinematical recoil
energies a the ∼ eV range, below the ∼keV threshold for
1
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current conventional terrestrial searches in direct detec-
tion experiments, see Lin et al. (2012). If one, instead,
considers LDM scattering off bound electrons, energy
transfer can cause excitation or even ionization and thus
seems promising for exploring the phase space in a com-
plementary way, as explained in Essig et al. (2016). Con-
trary to what has been done in cosmological analysis,
the importance of the dark sector component on celes-
tial body scales has been less extensively studied and
only recently has focused on the sun Press & Spergel
(1985), planets or to a lesser extent on white dwarfs
(McCullough & Fairbairn (2010); Hooper et al. (2010))
and compact stars (Goldman et al. (1989); Kouvaris
(2008)).
2 CAPTURE OF DARK MATTER BY
NEUTRON STARS
DM reaching terrestrial targets is expected to have low
velocities βEarth =
√
2GMEarth
REarth
= vχ ∼ 10−3 (taking
c = ~ = 1 units and being G the gravitational constant)
due to the fact that the gravitational boost is small for
the Earth and, accordingly, the Lorentz factor γEarth =
1/
√
1− β2Earth ∼ 1. Instead, for more compact objects
i.e. with a larger ratio M/R, the boosting capability
increases. For neutron stars (NSs) with masses MNS ≃
1.5M⊙ and radiusRNS ≃ 12 km, γNS ∼ 1.26 or vχ ∼ 0.6,
providing thus a mechanism to attain higher χ kinetic
energies.
It is important to remark that DM could be in princi-
ple accreted (and retained) by the star not only during
the collapsed stage but also during most of the previ-
ous stellar lifetime, being the capture rate, Cχ, provided
the interaction strength with ordinary matter is not neg-
ligible. Different particle candidates display interaction
couplings in a wide range Bertone & Hooper (2016). Re-
garding the progenitor stages, the progressively denser
central core allows the rise of a finite spatial number
density, nχ(r), over time. Later, when a compact ob-
ject is formed the efficiency changes and the capture
rate enhances, see for example Gould (1987); Kouvaris
& Tinyakov (2011a). In this way, assumed an equation
of state for regular SM matter in the interior of the NS,
at a given galactic location, and with a corresponding
ambient DM mass density ρχ ∼ mχnχ, following Kou-
varis (2008); Guver et al. (2014), the capture rate can
be written for a weakly interacting DM particle as
Cχ =
8
3
π2
ρχ
mχ
GMNSRNS
1− 2GMNSRNS
v¯2
(
3
2πv¯2
) 3
2
fχ
≃ 1.8× 1025
(
1GeV
mχ
)(
ρχ
ρχ,0
)
fχ s−1, (1)
where v¯ is the average χ velocity in the existing distribu-
tion, with a local value ρχ,0 ≃ 0.3 GeVcm3 and fχ is the frac-
tion of particles that undergo one or more scatterings
while inside the star. It saturates to fχ ∼ 1 if σχN & σ0,
otherwise fχ ∼ 0.45σχNσ0 , being σ0 =
mnR
2
NS
MNS
∼ 10−45
cm2 the geometrical cross-section. As thermalization
times for mχ ∼ 1 GeV particles are much smaller than
dynamical cooling times, see Goldman et al. (1989),
once inside, DM is believed to diffuse toward the denser
central stellar regions according to the exponential law
nχ(r) = n0, χe
−
mχ
kBT
Φ(r) (2)
with n0, χ the central value and Φ(r) =
∫ r
0
GM(r′)dr′
r′2
the
gravitational potential. Finally nχ(r) = n0, χe−(r/rth)
2
with a thermal radius rth =
√
9kBT
8πGρnmχ
, where
ρn is the barionic density. Normalization requires∫ RNS
0
nχ(r)dV = Nχ at a given time. Nχ is the number
of DM particle population which resides inside. This
number will depend, in general, on the capture, anni-
hilation (or decay) and evaporation rates Cχ, Ca, Cs,
respectively, see for example Zentner (2009). But, for
DM particles with masses larger than ∼ 2 keV evapo-
ration effects can be ignored as it is shown in Kouvaris
& Tinyakov (2011b); Krauss et al. (1986). Then, as a
function of time t, capture and annihilation processes
compete to yield a population
Nχ(t) =
√
Cχ/Catanh(t/τ + γ(Nχ,0)) (3)
where γ(Nχ,0) = tanh−1(
√
Ca/CχNχ,0) and τ =
1/
√
CχCa. For a typical progenitor of a compact star,
one can estimate Nχ,0 ∼ 1039( mχ1GeV ), see Kouvaris &
Tinyakov (2010), assuming that local densities for aver-
age NS galactic distances peak around ∼ 2 kpc where
ρχ ∼ 102ρχ,0. For times t & τ ∼ 104 yr the equilibrium
sets Nχ(t) ∼
√
Cχ/Ca.
In the case of asymmetric DM candidates, accretion
of DM mass beyond a critical value, i.e. the Chan-
drasekhar mass, could destroy (collapse) the star over
time as it has been studied in Kouvaris & Tinyakov
(2011a); McDermott et al. (2012); Bramante et al.
(2013). Possible limiting values of Nχ arising from a
fermionic nature provide a value of Chandrasekhar num-
ber NCh ∼ (MPl/mχ)3 ∼ 1.8 × 1054 (1TeV/mχ)3 with
MPl the Planck mass.
Another way quoted to limit the dark sector popu-
lation and thus collapse the whole star stems from the
fact that quark deconfinement could be triggered via
DM seeding. Energy release from self-annihilating DM
could induce spark formation energetic enough to nucle-
ate stable bubbles of deconfined quark matter leading
to a softening of the nucleon equation of state. This
has been invoked as a mechanism that could drive NS
to quark star (QS) conversion, see Pérez-García et al.
(2010); Pérez-García & Silk (2012); Pérez-García et al.
(2013). In addition, arguments along the same line state
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that unstable DM can also be constrained by struc-
tural stability of accreting objects Pérez-García & Silk
(2015).
3 LIGHT DARK MATTER SCATTERING
AT HIGH DENSITIES
The DM capture rate Eq. (1) mainly determines the
magnitude of the novel effects due to the interplay of
both matter sectors. For a given DM candidate, the in-
teraction with the relevant degrees of freedom of the sys-
tem considered will be crucial. This, in turn, comes phe-
nomenologically described through couplings and math-
ematical operators in the underlaying theory. So far no
satisfactory answers exist coming from a unique model
description, although there is a general consensus that
the particle or particles in the dark sector should be elec-
trically neutral and cold. The most popular extension to
the Standard Model, supersymmetry (SUSY), predicts
that each particle has a partner of different spin but
similar interactions. The lightest superpartner or LSP
is stable in many cases and is often a neutralino, con-
stituting an excellent dark matter candidate Bertone &
Hooper (2016).
In a nuclear medium such as the core of a compact-
sized (spherical) object of mass M and radius R, the
(in) elastic scattering of χ out of nucleons, σχN , mainly
determines the relative fraction of DM to ordinary mat-
ter. In general, most of the works calculate this quantity
without considering in-medium effects, and obtain the
mean free path of these DM particles, λχ, approximat-
ing as λχ ≃ 1/σχNn where n is the ordinary nucleon
number density, see for example Spergel & Press (1985).
This is usually considered as being sufficient to obtain
knowledge about the internal processed happening in-
side the most efficient opaque environments. It is also
important to know that the isospin charge is relevant as
the coupling strengths to protons or neutrons may not
be the same or even suffer from cancellations.
In the central core in a NS (with a content & 90%
neutrons), is described as having densities higher than
several times nuclear saturation density n0 ≃ 0.17 fm−3.
By neglecting medium corrections one misses important
features and qualitative insight into the system. Let us
briefly comment on some of the possible issues. To begin
with, Fermi-blocking, due to partial restriction of the
outgoing nucleon phase space, can play a role diminish-
ing the χN scattering cross-section. Finite temperature
effects will allow the population of higher energy states
in the nucleon sector with respect to the case in which
no temperature effects are considered. It is important
to note here that temperatures in the range T . 50
MeV are usually achieved in the very early stages of
proto-neutron star evolution, see for example Page et al.
(2004). Later, after a primary neutrino cooling era, tem-
peratures fall to the ∼ keV range. This will effectively
set at large times a T ≈ 0 configuration, as thermal
energies are indeed much smaller than nucleon Fermi
energies kBT << EFN in the dense medium (kB is the
Boltzman constant). These in-medium effects are taken
into account, for example, in Bertoni et al. (2013); Cer-
meño et al. (2016a,b).
As we have mentioned before, usually, the incoming
DM particle is supposed to be thermalized in the galaxy
with the Maxwellian mean velocities vχ ∼ 10−3. How-
ever, if the scenario considered is an accreting dense NS
the associated wavelength of the incoming DM parti-
cle decreases as λ = 2π√
γ2−1mχ
. This expression sets, in
practice, a measure of the validity of the quasielastic
approximation, DM particles see nucleons as a whole,
since matter is tested to sizes around λ ∼ 1 fm, i.e. in
the light DM mass rangemχ . 5 GeV. Although further
modeling would be required for the description of the in-
ner hadron structure, for this mass range, a monopolar
form factor in momentum space, F (|~q|) = Λ2Λ2+q2 with
a cut-off parameter Λ = 1.5 GeV can be used, so that
F (0) = 1, which can somewhat mitigate the short-range
correlations arising in the calculation.
To check the importance of the modifications of the
medium in the LDM scattering events one has to calcu-
late the differential cross-section per unit volume for the
interaction between a fermionic particle of Dirac type,
χ, and a nucleon field N (protons and neutrons). It is
necessary to use the general expression, which can be
found in Patrignani & Particle Data Group (2016),
dσ =
|MχN|2|F (|~q|)|2
4
√
(pNpχ)2 −m∗2Nm2χ
dΦ(pN , p′N , pχ, p
′
χ)FFB,
(4)
where the phase space volume element is
dΦ(pN , p′N , pχ, p
′
χ) =(2π)
4δ(4)(pN + pχ − p′N − p′χ)
× d
3 ~p′N
(2π)32E′N
d3 ~p′χ
(2π)32E′χ
.
(5)
p′µN = (E
′
N ,
~p′N ) and p
µ
N = (EN , ~pN) are the four mo-
menta for the outgoing and incoming nucleon, and p′µχ =
(E′χ, ~p′χ) and p
µ
χ = (Eχ, ~pχ) those analogous for the DM
particle, respectively. Momentum transfer is denoted by
qµ = p′µχ − pµχ. In this way q0 = E′N − EN = Eχ − E′χ
and ~q = ~p′N − ~pN = ~pχ − ~p′χ. The four-dimensional
delta assures the energy and momentum conservation
in the collision and |MχN|2 is the squared matrix ele-
ment for the interaction considered. The factor FFB =
f(EN )(1−f(E′N )), with f(Ei) = 11+e(Ei−µ∗i )/kBT i =p,n
and µ∗i the effective nucleon chemical potential for a par-
ticle with isospin of ith-type, see Reddy et al. (1998),
accounts for the Fermi blocking term. It takes into ac-
count the occupation of states and in this scenario af-
fecting only to the nucleons. For the dark sector, it can
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be assumed that all outgoing DM particles states are in
principle allowed and 1 − fχ(E) ≈ 1 since the fraction
of DM inside the star remains tiny at all times. The
validity of this approximation is discussed in Cermeño
et al. (2016a). Let us mention here that effective values
of nucleon mass and chemical potential define the quasi-
particle nature of the nucleon in the medium and differ
from the nude values by the presence of average meson
fields Serot & Walecka (1986).
When discussing the effect of density (and T ) in
the diffusion of DM in NSs, the quantity we should
analyse is the mean free path λχ to be obtained from
the integrated cross-section per unit volume σ(Eχ)V , as
λχ =
(
σ(Eχ)
V
)−1
.
In a previous step one obtains the differential value
as,
1
V
dσ
dΩdq0
=
1
(2π)4
∫ ∞
|~p−|
d| ~pN || ~pN |
4E′N
m∗N | ~p′χ||F (|~q|)|2
|~q|
× δ(cos θ − cos θ0)Θ(| ~pN |2 − | ~pN−|2)
× |MχN |
2f(EN )(1− f(E′N ))
4
√
E2NE
2
χ −m∗2Nm2χ
,
(6)
where only the lowest order terms are retained. Since
v2χ ∼ v2N ≪ 1 given |~pi|Ei = vi, i = χ,N and nucleon
Fermi velocities vN ∼ vFN = pFN/EFN . On the other
hand, expressing the energy conservation as a function
of the dispersion angle for the outgoing DM particle θ,
one obtains the minimun value of ~pN
cos θ0 =
m∗N
|~p||~q|
(
q0 − |~q|
2
2m∗N
)
, (7)
and
|~p−|2 = m
∗
N
2
|~q|2
(
q0 − |~q|
2
2m∗N
)2
. (8)
These expressions, Eqs. (7) and (8), are discussed step
by step in Cermeño et al. (2016a).
We have to remark that this scenario is restricted to tem-
peratures and densities typical for the thermodynamical
evolution of the stellar core region, that is T . 50 MeV
and n ≃ (1−3)n0. Let us note that if finite temperature
is considered, a detailed balance factors must be added
to the medium response to weak probes (Horowitz &
Pérez-García (2003); Horowitz & Wehrberger (1991))
under the form
S(q0, T ) =
1
1− e−
|q0|
kBT
. (9)
This factor provides the relation between the dynam-
ical nuclear structure factor for positive and negative
energy transfers q0 as the thermodynamic environment
can donate energy to the outgoing particle.
Now, to obtain the total cross-section per unit vol-
ume and the inverse of it, i.e. the mean free path, the
integrations over all possible outgoing energy transfer
values and solid angle have to be performed. In this
way,
σ(Eχ)
V
=
m∗N
4(2π)3
∫ Eχ−mχ
0
dq0
∫ | ~pχ|+| ~p′χ|
| ~pχ|−| ~p′χ|
d|~q||F (|~q|)|2
×
∫ ∞
|~p−|
d| ~pN | |MχN |
2| ~pN |f(EN )(1− f(E′N ))S(q0, T )
4E′N | ~pχ|
√
E2NE
2
χ −m∗N 2m2χ
.
(10)
When particularizing the calculation for a spin-
independent (scalar-vector) interaction model the in-
teraction Lagrangian is LI =
∑
N=n,p gs,NχχNN +
gv,Nχγ
µχNγµN where gs,N (gv,N ) are the effective
scalar (vector) couplings of the DM particle to the N
field.
The effect of the Pauli blocking can be seen, for ex-
ample, in Fig. (1) of Cermeño et al. (2016a) where
the differential cross-section per unit volume as a func-
tion of the energy transfer q0 for different values of
the transferred momentum |~q| is shown for a pure neu-
tron system. We use n = n0, setting T = 0 and
mχ = 0.5 GeV. The limiting upper value of the en-
ergy transfer is Eχ −mχ ≈ 130 MeV. This is because,
in general, −∞ < q0 < Eχ −mχ, since mχ < E′χ < ∞.
Instead, at T = 0, the energy transfer can not be neg-
ative, so that q0 > 0 and 0 < q0 < Eχ − mχ. The
 0
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Figure 1. Differential cross-section per unit volume as a function
of the energy transfer q0 for values of |~q| = 20, 41, 207 and 290
MeV. The DM particle mass is mχ = 0.5 GeV and T = 0 at
n = n0. From Cermeño et al. (2016a).
triangular shape is due to the Heaviside Fermi distribu-
tion at T = 0. Beyond q0 values limited by real-valued
angles in Eq.(7) the scattered states are not allowed
since it is kinematically impossible to scatter a nucleon
due to lack of empty states. To understand the value
of the maxima of this plot we have to remind ourselves
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that at T = 0 our allowed states will be given by the
factor Θ(EF − EN )Θ(1 − fN (EF − E′N )), and, on the
other hand, there is a minimun allowed value for ~pN
given by the kinematics of the interaction, |~p−|. Then,
it is easy to verify that maximum values are reached
when |~p−| = |p˜N | being |p˜N | the value of | ~pN | when
|~p′N | = |~pF |.
Finite temperature effects can be observed in Fig. (2)
where the detailed balance factors have been included
and the transferred momentum |~q| = 20 MeV, chemical
potential µ = EFN , DM particle mass mχ = 0.5 GeV
and nucleon density n = n0 are fixed.
At temperatures T > 0 the negative energy transfer
states get increasingly populated and the sharp nucleon
distribution is smoothed. As q0 → 0 the inverse detailed
balance factor S−1(q0, T ) → 0. The corresponding di-
vergence will, however, be integrable in order to obtain
a finite integrated cross-section. This, can be seen, for
 0
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-
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T=5 MeV
T=10 MeV
Figure 2. Differential cross-section per unit volume as a function
of the energy transfer q0 at T = 0, 5, 10 MeV for a nucleon density
n = n0. We set |~q| = 20 MeV and mχ = 0.5 GeV. From Cermeño
et al. (2016a).
example, in Fig. (3), where the mean free path for the χ
particle as a function of kinetic energy Kχ = Eχ −mχ
for temperatures T = 0 (solid line) T = 10 MeV (dashed
line) and T = 30 MeV (dotted line) is plotted. mχ = 1
GeV and n = n0 are considered. The notation used
states that Eχ ≡ ω. Note that for T = 0 in the limit
of vanishing kinetic energy for the incoming DM parti-
cle Eχ → mχ, the phase space available for the outgo-
ing particles vanishes as the energy transferred q0 → 0
due to filled population levels, therefore providing a null
cross-section, while this is not true in the finite T case
as more channels are available.
In Fig. (4), we show the variation of the DM parti-
cle mean free path as a function of density (in units of
n0) for two values of temperature and fixing mχ = 1
GeV considering effective nucleon masses for the T = 0
case while not for the finite temperature case. We can
 0
 20
 40
 60
 80
 100
 0  50  100  150  200  250  300
λ( 
m)
 ω-mχ (MeV)
T=0
T=10 MeV
T=30 MeV
Figure 3. DM particle mean free path as a function of kinetic
energy for mχ = 1 GeV at n = n0 for T = 0, 10, 30 MeV. From
Cermeño et al. (2016a).
see competitive effects from the temperature and effec-
tive mass. A steady decrease is obtained in case the
naked nucleon mass is considered. Temperature effects,
which are relevant in the early stages of dense star evo-
lution, tend to increase the opacity of nucleon mat-
ter to prevent DM nearly-free streaming. The cross-
section is greatly affected by the finite density of matter,
namely by the effect of a smaller effective nucleon mass
m∗N < mN . Temperature effects are important although
to a lesser extent relative to density ones.
 1
 10
 100
 1000
 10000
 0  0.5  1  1.5  2  2.5  3
λ 
(m
)
n/n0
T=0
T=10 MeV
Figure 4. DM particle mean free path as a function of density
(in units of n0) for two values of temperature, T=0 and T=10
MeV. Effective (naked) nucleon mass has been used in the zero
(finite) T calculation. From Cermeño et al. (2016a).
It is important to point out that in this LDM mass
range, scattering is diffusive to very good approximation
as λχ/RNS ≪ 1. On the other hand, for the choice of
couplings strengths consistent with collider constraints
as Khachatryan et al. (2015); Aad et al. (2015), once
fixed K energy, a Standard Model neutrino displays
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typical mean free path somewhat smaller, see Reddy
et al. (1998); Horowitz & Wehrberger (1991); Horowitz
& Pérez-García (2003).
4 LIGHT DARK MATTER SCATTERING
AT LOW DENSITIES
At low densities . 1013 g/cm3 inside the star crust mat-
ter arranges in a series of irregular shapes or structures
called generically pasta phases Horowitz et al. (2004).
In particular, the outer crusts in NSs are formed by pe-
riodically arranged nuclei with typical densities ranging
from ρ ≃ 2×106−4×1011 g/cm3. In the single-nucleus
description, see Rüster et al. (2006), a series of nuclei
with increasing baryonic number, A, from Fe to Kr form
a lattice before neutrons start to leak out of nuclei. At
these high densities, electrons form a degenerate Fermi
sea. Around ρ0 ≃ n0mN ≃ 2.4 × 1014 g/cm3, and be-
yond that, matter can be considered a homogeneous
system.
When the phase space is restricted to fermionic DM
particles with massesmχ . 100 MeV, the relevant cross-
section of the interaction between DM particles and the
outer stellar layers is that scattering off nuclei. Taking
this into account, the possibility of production of quan-
tized lattice vibrations (phonons) in the periodically ar-
ranged structures in the NS outer crust by LDM scatter-
ing, arises. These extra phonons can impact subsequent
quantities of interest, such as the ion thermal conductiv-
ity, that are relevant for computing the cooling behavior
of NSs.
Phonons are quantized vibrational modes character-
ized by a momentum ~k and polarization vector ~ǫλ ap-
pearing in a nuclear periodic system, as it can be seen
in Ziman (1960). They can have a number of different
sources. They can be excited due to non-zero tempera-
ture T in the medium. The Debye temperature allows us
to evaluate the importance of the ion motion quantiza-
tion. For a bcc lattice, see Carr (1961), TD ≃ 0.45Tp, be-
ing Tp = ωp/kB =
√
4πnAZ2e2
k2
B
mA
the plasma temperature
associated to a medium of ions with number density nA,
baryonic number A, electric charge Ze and massmA. At
low temperatures T < TD, the quantization becomes
increasingly important and the thermal phonons pro-
duced are typically acoustic modes, following a linear
dispersion relation ωk,λ = cl,λ|~k|, where cl = ωp/3(6π2nA)1/3
is the sound speed. In addition, phonon production can
be caused by an external scattering agent, for exam-
ple, standard model neutrinos. In this respect, weak
probes such as cosmological neutrinos with densities
nν ∼ 116 cm−3 per flavor have been shown to provide
small phonon production rates in a crystal target, see
Ferreras & Wasserman (1995). Due to the tiny mass of
the neutrino, the experimental signature of this effect
seems however hard to confirm.
The single phonon excitation rate (per unit volume)
is obtained as Cermeño et al. (2016b)
R
(0)
k =
8π4n2A
(2π)6m2χmAcl
∫ ∞
0
| ~pχ|d| ~pχ|fχ( ~pχ)|Eχ−|~k|cl|a2,
(11)
where fχ( ~pχ) =
nχµ
4πm3χK2(µ)
e
−µ
√
1+
| ~pχ|2
m2χ is the Maxwell-
Juttner distribution (Juttner (1911)) function for rela-
tivistic incoming DM particles. With µ = mχkBT ≈ 6.7
for
√
< v2 > ∼ 0.6, see Hakim (2011) and Cercignani &
Kremer (2002), and K2(µ) the modified Bessel function
of second kind. The value of a takes into account the
length of the interaction when a DM particle approaches
a nucleus in the periodic lattice. Using the Born approx-
imation for the cross-section (off protons and neutrons)
in the center of mass frame, it can be written as
4πa2 = m2A
(
Z
mp
√
|M˜p|2 + (A−Z)mn
√
|M˜n|2
)2
16π(mχ +mA)2
, (12)
with
∫ 1
−1
2πd(cos θχ)|MχN|2 ≡ |M˜N| and the averaged
matrix element considering a prescribed model interac-
tion. In this expresion, Pauli blocking effects are not
considered but, as an approximation, density depen-
dence can be retained using a parametrization of the
nuclear Fermi momentum |~pFN| ∼ (3π2n0YN )1/3 and
the nuclear fractions Yp = Z/A, Yn = (A − Z)/A.
It is important to say that the allowed values for the
phonon momentum are restricted for the Born approx-
imation, |~k| ≪ 1a , as well as for kinematical restric-
tions when energy conservation is imposed, 0 ≤ |~k| ≤
2
(
clEχ
(c2
l
−1)
+ | ~pχ|
|c2
l
−1|
)
.
The single phonon excitation rate (per unit volume)
R
(0)
k due to the accretion of DM particles is almost con-
stant with |~k| whereas for neutrinos R0ν(|~k|) = Rν0e−b|~k|
with b a constant which depends on neutrino mass. This
means that, for a fixed value of |~k| contribution from
DM particles to the phonon excitation rate will be much
higher than neutrino contribution.
Now, it will be important to discuss the astrophys-
ical impact of these phonons. As we have mentioned
before, phonon production can be crucial for determin-
ing further transport properties, in particular, thermal
conductivity in an ion-electron system such as that in
the outer NS crust. As an important contribution to the
total ion conductivity, κi, partial ion conductivities due
to ion-ion, κii ≡ κph, and ion-electron collisions, κie,
must be added, see for example Chugunov & Haensel
(2007), under the prescription κ−1i = κ
−1
ii + κ
−1
ie . Stan-
dard mechanisms to produce lattice vibrations include
thermal excitations, as analyzed in detail in previous
works Negele & Vautherin (1973); Potekhin et al. (1997);
Baiko et al. (1998). In a NS, the outer crust can be
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modeled under the one-component-plasma description.
This low density solid phase can be classified according
to the Coulomb coupling parameter Γ = Z2e2/akBT
where a = (4πnA/3)1/3 is the ion sphere radius. It is
already known that typically for Γ ≥ Γm ≃ 175, or be-
low melting temperature T < Tm, single-ion systems
crystallize, see Nagara et al. (1987).
There are a number of processes that can affect
thermal conductivity in the medium. The so-called U-
processes are responsible for modifying the electron con-
ductivity such that for high temperatures, T > TU , elec-
trons move almost freely, more details in Ziman (1960).
Assuming a bcc lattice, TU ≃ 0.07TD. Thus in the sce-
nario depicted here, the temperature range must be
TU < T < TD < Tm for each density considered. Ac-
cording to kinetic theory, the thermal conductivity can
be written in the form
κii =
1
3
kBCAnAclLph, (13)
as it can be seen in Ziman (1960), where CA =
9
(
T
TD
)3 ∫ TD/T
0
x4exdx
(ex−1)2 is the phonon (dimensionless)
heat capacity (per ion) and Lph is an effective phonon
mean free path that includes all scattering processes
considered: U-processes and impurity (I) scattering pro-
cesses (both dissipative) and the phonon normal (N)
scattering which are non dissipative L−1ph = L
−1
U +
L−1I + L
−1
N . Typically the thermal conductivity is re-
lated to the thermal phonon number at temperature T ,
Lph ∼ 1/N0,kλ where N0,kλ = (eωkλ/kBT − 1)−1. The
contribution from DM can be obtained by the net num-
ber of phonons that results from the competition be-
tween thermal phonons and scattering excitation and
stimulated emission, as it is shown in Ferreras &Wasser-
man (1995), in a 4-volume δV δt. Using the averaged
rate per unit volume and weighting with the incoming
distribution providing the frequencies of different values
of momenta the total number of phonons can be written
as
Nkλ ≃ N0,kλ +R(0)k δV δt
−
∫
d3~p
nχ
fχ(~p)R˜
(0)
k N0,kλe
(ωk,λ+~k.~v)/KχδV δt,
(14)
see Cermeño et al. (2016b). Where R˜(0)k is the single
phonon excitation rate for each particular momentum
value (not averaged over incoming χ momenta). Since
the source (NS) is in relative motion to the LDM flux,
there is a Doppler shift characterized by the source ve-
locity v ≡ vNS ∼ 10−2 i.e galactic NS drift velocity. As
we have mentioned before, the distribution of NSs in
our galaxy peak at distances . few kpc (Lorimer et al.
(2006)) where the DM density is enhanced with respect
to the solar neighborhood value.
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Figure 5. Phonon thermal conductivity as a function of density
(in units of 1010 g/cm3) for temperatures T = 5107 K (blue),
5 108 K (red) and mχ = 100 MeV. Dash-dotted and dashed lines
depict the impact of a LDM density nχ/n0χ = 10, 100. Solid lines
are the standard thermal result with no DM for each case. From
Cermeño et al. (2016b).
In Fig. (5) the phonon thermal conductivity as a func-
tion of barionic density is shown for two different typical
temperatures for the base of the crust, using mχ = 100
MeV. Solid lines are the standard thermal result with
no DM. Dash-dotted and dashed lines correspond to
nχ/n0,χ = 10, 100, respectively. It is clear to see that
at the largest LDM local densities considered, there is
an enhancement over the thermal result well inside the
outer crust. This corresponds to the site where the DM-
induced effects have the most influence (Pérez-Azorín
et al. (2006)) as this is the most massive part of the
outer crust. Although, below these densities, there is a
negligible change. At lower T , the effect of a perturba-
tion over the thermal phonon population is more impor-
tant. Enhanced (decreased) conductivities at moderate
LDM densities are due to a net reduction (increase) of
the number of phonons in the lattice as a result of can-
cellation of modes.
The same type of plot can be shown in Fig.(6) in
a more realistic stellar context. Here, the phonon ther-
mal conductivity as a function of baryonic density at
T = 108 K and mχ = 65 MeV can be seen. Solid, dot-
dashed and dashed lines correspond to cases with no
DM, nχ/n0,χ = 10, 100, respectively. Electron thermal
conductivity is also shown for magnetized realistic sce-
narios in the perpendicular direction to a magnetic field
B of strength B = 1014 G (dotted) and B = 1015 G
(doble dotted), these NSs with so high magnetic fields
are called magnetars and they are being studied by
many groups, see for example a review from Turolla
et al. (2015). Ions are mostly not affected by the pres-
ence of a magnetic field for the range of temperatures
and magnetic fields considered, this can be checked in
Chugunov & Haensel (2007). The parallel direction elec-
tronic contribution is not depicted here since it is typ-
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ically much larger ke‖ ∼ 1017 − 1019 erg cm−1 s−1K−1.
Values of electronic contribution have been obtained
from Viganò (2013). Since the global conductivity is
κ = κe + κph, this result is expected to contribute to
the reduction of the difference in heat conduction in
both directions and thus to the isotropization of the NS
surface temperature pattern, which is studied for exam-
ple in Perna et al. (2013); Viganò et al. (2014), as it
would be smoothly driven towards more isothermal pro-
files for latitudes among pole and equator. It is already
known, see for example Kaminker et al. (2007), that
the outer crust plays an important role in regulating
the relation among temperature in the base of it and
the surface. The detailed calculation remains, however,
for future works.
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Figure 6. Phonon thermal conductivity as a function of density
(in units of 1010 g/cm3) at T = 108 K and mχ = 65 MeV. Solid,
dot-dashed and dashed lines correspond to cases with no DM,
nχ/n0,χ = 10, 100. Perpendicular electron thermal conductivity
is also shown for B = 1014, 1015 G. From Cermeño et al. (2016b).
5 IN-MEDIUM ENERGY RELEASE
FROM ANNIHILATING DARK
MATTER
In previous sections we consider a scattering interac-
tion between DM and ordinary matter. Apart from the
spin-independent interaction model considered before
(corresponding to effective scalar and vector couplings),
more effective operators for fermionic DM particles can
be studied. For example, the so-called Coy Dark Mat-
ter model proposed by Boehm et al. (2014) which be-
longs to the family of simplified models, see for instance
Dolan et al. (2015); Bauer et al. (2017); Baek et al.
(2017), includes two new particles to the SM, i.e. a Dirac
fermion DM candidate, χ which interacts with a boson
a, with mass ma, through the pseudoscalar coupling of
strength gχ as proposed in Arina et al. (2015). The in-
teraction lagrangian of the model reads
LI = −i gχ√
2
aχ¯γ5χ− ig0 gf√
2
af¯γ5f. (15)
A final state of fermion-antifermion is formed through
the boson mediator. The vertex involves a pseudoscalar
coupling with the SM fermions f with strength g0gf ,
where gf denotes a multiplicative factor common to
all couplings of a with SM fermions. The most com-
mon type of couplings are the flavour-universal coupling
gf = 1, independent of the fermion type, and Higgs-like
coupling, proportional to the fermion mass gf =
mf
174 GeV .
However, there are other schemes where a couples ei-
ther to quarks or leptons exclusively, and with a flavour
structure Dolan et al. (2015).
An existing DM distribution inside the star capable
of self-annihilating can be a source of energy emission
for the dynamical cooling behaviour, once the star is
formed. In the range mχ < mHiggs and ma < mχ, the
relevant annihilation processes are χχ→ f f¯ and χχ→
aa, see Arina et al. (2015).
In this context, these annihilation reactions, χχ→ f f¯
and χχ → aa, with subsequent decay a → f f¯ can
be considered to explore possible astrophysical conse-
quences in the neutrino fermionic channel as dense stars
are efficient DM accretors. One of the key quantities
that can govern the internal stellar energetic balance is
the local energy emissivity, QE = dEdV dt , which can be
understood as the energy emitted per unit volume per
unit time, through a prescribed particle physics reac-
tion.
Considering the above quoted reactions which involve
annihilating DM accreted by a NS, with baryonic den-
sity ρb ∼ 2ρ0, from an existing galactic distribution.
QE denotes the energy emission rate per volume due
to fermionic or pseudoscalar pair emission in the final
states. In general, its expression can be written under
the form (Esposito et al. (2002))
QE = 4
∫
dΦ(E1 + E2) |M|2 f(f1, f2, f3, f4), (16)
with dΦ = d
3p1
2(2π)3E1
d3p2
2(2π)3E2
d3p3
2(2π)3E3
d3p4
2(2π)3E4
(2π)4δ4(p1+
p2 − p3 − p4) the 4-body (12 → 34) phase space el-
ement and |M|2 the spin-averaged squared matrix
element of the reaction considered. The additional
factor f(f1, f2, f3, f4) accounts for the initial and final
particle distribution functions contribution which will
be different for each annihilation channel. The notation
used is the following p1 = (E1, ~p1), p2 = (E2, ~p2) as the
incoming 4-momenta while p3 = (E3, ~p3), p4 = (E4, ~p4)
are the outgoing 4-momenta, respectively. Feynman
diagrams and matrix elements can be seen in Cermeño
et al. (2017).
For the case of annihilation into fermionic pairs
f(f1, f2, f3, f4) = fχ(E1)fχ¯(E2)(1−ff (E3))(1−ff¯ (E4))
and fχ, ff are the local stellar distribution functions
for DM and fermionic particles, respectively, contain-
ing density and temperature dependence. Whereas
for the annihilation into pseudoscalars the factor
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Figure 7. Energy emissivity from channels χχ → νν (left) and via pseudoscalar mediators χχ → aa (right) with subsequent decay
a → νν as a function of temperature. Standard emission refers to MURCA processes. From Cermeño et al. (2017).
mχ [GeV] ma [GeV] gχ g0
A 0.1 0.05 7.5×10−3 7.5×10−3
B 1 0.05 1.2×10−1 2× 10−3
C 30 1 6× 10−1 5× 10−5
Table 1 Parameters used in this work as appearing in the
interaction lagrangian in Eq. (15). gf = 1 is taking. From
Cermeño et al. (2017).
f(f1, f2, f3, f4) = fχ(E1)fχ¯(E2)fa(E3)fa(E4). Given
the fact that inside the star the small DM fraction
provides a Fermi energy EF,χ ≪ kBT , in both react-
tions, its distribution function can be approximated by
a classical Maxwell-Boltzmann type fχ = fMBχ (|~pi|) =(
1
2πmχkBT
) 3
2
nχ(r)e
−| ~pi|
2
2mχT . We can see that the phase
space factor f(f1, f2, f3, f4) in Eq. (16) introduces DM
density and T dependence into the calculation as a
thermalized DM distribution exists inside the NS core.
For the outgoing fermions the medium density effects
have to be taken into account too through the phase
space blocking factors as we have reviewed in Section
3, whereas for the outgoing pseudoscalars (bosons) no
blocking has to be considered.
In order to analyze an interesting astrophysical con-
sequence, Cermeño et al. (2017) restrict the analysis
to three different sets of flavour-universal (gf = 1)
parameters that are not in conflict with existing phe-
nomenology of direct detection experiments (Bertone
& Hooper (2016)) nor cosmological bounds (Zeldovich
(1965); Zeldovich et al. (1965)). The masses and cou-
plings considered can be seen in Table I. Models A
and B are mainly determined by DM relic abundance
due to the fact that the DM mass is in the region
where direct detection experiments are less restrictive
but can be more constrained with Kaon decays. On
the contrary, the couplings in set C are constrained
by LUX results, Akerib et al. (2017), in spin indepen-
dent and spin dependent cross-sections. For more de-
tails see Cermeño et al. (2017). On the other hand,
they fixed the final fermion states to neutrinos. These
weakly interacting SM fermions play a key role in re-
leasing energy from NSs. At the end of the life of a very
massive star the central core collapses gravitationally
and it is well known that its gravitational binding en-
ergy is emitted in neutrinos (and antineutrinos) of the
three families. A very efficient cooling scenario emerges
in the first ∼ 105 yr. Standard processes such as the
URCA cooling or the modified URCA (MURCA) cool-
ing, see Friman & Maxwell (1979); Yakovlev & Leven-
fish (1995), can release neutrinos with associated emis-
sivities QURCAE ∼ 1027R( kBT0.1MeV)6 erg cm−3 s−1 and
QMURCAE ∼ 1021R( kBT0.1MeV)8 erg cm−3 s−1, respectively.
R is a control function of order unity. These standard
processes release energy from the baryonic system, hav-
ing a very different effect in the energetic balance when
compared to average energy injection from stellar DM
annihilation processes, Kouvaris (2008). It is important
to remark that in this scenario it can be assumed neutri-
nos do not get trapped after being produced and there-
fore their Fermi-Dirac distributions fulfill fν ∼ 0.
In this context, to compare the result with the stan-
dard physics cooling, in the left panel of Fig. (7) the
energy emissivity for the process χχ → νν as a func-
tion of temperature for three sets of DM parameters
in Table I is shown. The MURCA energy emissivity
(solid line) is plotted too for the sake of comparison.
Although this latter is not the only process contribut-
ing to the effective cooling, it sets an upper limit to
standard emissivities in the scenario depicted due to
the fact that to sustain the URCA fast reaction cen-
tral densities must be higher to provide the ∼ 11%
protons fraction required (Lattimer et al. (1991)). It
is easy to see that around T ∼ 0.1 MeV local cen-
tral emissivities log10 (QE) ∼ 21 − 22 are balanced by
the heating processes. It is important to remind our-
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selves that T ∼ 0.01 MeV for a NS of ∼ 105 yr. But
the most important result is obtained for the reaction
χχ → aa with subsequent decay a → νν, Fig.(7) right
panel. In this case the neutrino emissivity is largely en-
hanced with respect to the direct production of neutri-
nos χχ→ νν. For model C (somewhat heavier DM par-
ticles) QE matches and surpasses the standard MURCA
emission at T . 1 MeV while model B has analogous be-
havior for T . 0.3 MeV. Note that both models provide
larger emissivities in this channel than the direct neu-
trino pair emission in the analyzed T range in spite of be-
ing in a different range of masses. Model A provides sim-
ilar results for both emission reactions, however. This
effect of enhanced emissivities can have an impact on in-
ternal temperatures and matter phases depending crit-
ically on them, as can be seen in Page et al. (2013). In
this sense, works as Page et al. (2011); Shternin et al.
(2011) quote that the rapid cooling of the Cas A may
be an indication of the existence of global neutron and
proton superfluidity in the core.
As most of the fraction of DM particles will be in the
central region of the NS, characterized by the length
rth, the impact of the radial extent of an emitting inner
region through these new processes can be correlated to
the ratio ξ = (
√
2rth/Rb), which make reference to the
fraction where 95% of the approximately Gaussian dis-
tribution of DM particles can be found, versus Rb ∼ 9
km, radial extent of the boundary or limit of the core-
to-crust region. Since the crust region has a tiny mass,
in this scenario, it is not necessary to consider the re-
finement which it is taken into account in Cermeño
et al. (2016b). For the models analyzed in Cermeño et al.
(2017) this fraction ranges from ξ ∈ [0.03, 0.42] at T ∼ 1
MeV to ξ ∈ [0.01, 0.14] at T ∼ 0.1 MeV.
Focusing in a fixed stellar evolutionary time, t, to
analyze the temperature evolution, the radial (internal)
heat equation r < Rb can be written as
2
r
T ′(r) + T
′′
(r) = κ−1[Qν −H(r)], (17)
where κ is the thermal conductivity given by a contribu-
tion from baryons and another from electrons Shternin
& Yakovlev (2007) κ = κb + κe and Qν is the stan-
dard MURCA emissivity, Qν ∼ QMURCAE . The DM
heating term, H(r), has the radial dependence induced
by the DM density so that H(r) = H0e−(r/r0)
2
with
H0 = QaaE n
2
0,χ and r0 = rth(T )/
√
2. Although a de-
tailed solution of the full evolution equation remains
for future works that should consider the dynamical
part, in Cermeño et al. (2017) an study of the radial
T -profile at different fixed evolutionary times is done
solving Eq.(17) and assuming a flat initial profile to
see how it is distorted from the presence of internal
cooling and heating terms. They find that, for exam-
ple, fixing a value T (r) ≡ T¯ for r ∈ [0, Rb] the central
value T0 is related to it through the approximate solu-
tion T (r) = T0 + α r
2
6 − β
r20
2 [1 −
√
π r02
erf(r/r0)
r ] where
erf (x) is the error function and α = Qν(T¯ )/κ(T¯ ) and
β = H0(T¯ )/κ(T¯ ) are coefficients that can be approx-
imated at T¯ . Typical values can be seen in Cermeño
et al. (2017). The important thing here is that if we
fixed, for example, T¯ = 109K ∼ 0.1MeV one can ver-
ify that the net effect of models B and C is heating
the central volume while model A provides net cooling.
However, it is important to remark that the star will
self-adjust in a consisting way that has to be dynami-
cally determined to see at what extent the subsequent
thermal evolution is affected in the stellar volume. This
could be studied through a full dynamical simulation to
see how the cooling mechanisms adjust inside the star
as a temporal sequence.
6 CONCLUSIONS
In summary, in this contribution we have reviewed some
astrophysical consequences of the possible existence of
dark matter by its interaction with ordinary matter
ranging from low to high densities. In the parameter
space of DM mass to cross-section off nucleons we have
firstly considered fermionic DM particles in the light
(low) mass region mχ . 5 GeV. We discuss the impor-
tance of in-medium effects, density and temperature,
in DM-nucleon scattering when DM particles are grav-
itationally boosted into a dense compact object, where
core densities typically exceed a few times n0 and tem-
peratures T . 50 MeV.
Density effects have to be included through Fermi-Dirac
distributions for the nucleon sector, which rectrict the
parameter space, and effective values for the nucleon
mass and its chemical potential, while temperature ef-
fects are present through the detailed balance factor,
which takes into account the energy gained or lost due
during the interaction. Temperature effects have been
found to be important although to a lesser extent rel-
ative to density ones. The differential and integrated
cross-sections are greatly affected by the finite density
of matter, namely by the effect of a smaller effective
nucleon mass m∗N < mN . The mean free path for a
DM particle is found to be larger than the typical val-
ues of those found for Standard Model neutrinos with
vector-axial couplings. From these values obtained for
the mean free path it can be concluded that the diffusive
behavior approximation at finite density and tempera-
ture in the interior of NS is well grounded and DM
can contribute to the energy transport in their inte-
rior. The simplified estimate for the mean free path,
λχ ≃ 1/σχNn, lacks the rich dependence on the phase
space of the scattering process.
Then, restricting more the range of masses mχ .
100 MeV, the interaction between DM particles and the
periodically arrange of nuclei in the NS outer crust at
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lower ordinary densities can be studied. From this in-
teraction phonons can be created in the lattice. Calcu-
lating the phonon excitation rate it can be seen that
this rate is much larger than for cosmological neutrinos.
As an astrophysical consequence of this new source of
phonons the ion thermal conductivity in the outer en-
velope is modified founding that it can be largely en-
hanced at the highest LDM density nχ ∼ 100n0,χ due
to a net modification of the acoustic phonon population.
Besides, comparing this result with electronic contribu-
tion to the conductivity for magnetized NSs in the per-
pendicular direction to the magnetic field an enhanced
with respect to electron contribution in this direction
can be found. This means that perpendicular thermal
conductivity in these scenarios will be higher, and, al-
though a detailed study of the quantitative effect in the
surface temperature pattern remains to be undertaken,
it is expected that this enhancement allows a reduction
of the difference of heat transport among parallel and
perpendicular directions to the magnetid field. Based on
previous works, as Perna et al. (2013) and Viganò et al.
(2014), only including standard thermal contributions
we expect that, as a natural consequence, the surface
temperature profile would be more isotropic yielding
flatter profiles for intermediate latitudes.
Another impact of this dark sector in stellar quan-
tities of NSs is considered for a model of annihilating
LDM. We use the Coy DM model, where the energy
emissivity due to the annihilation of DM particles into
neutrinos through a pseudoscalar interaction is taken
into account. In this context and considering not only
LDM particles it is shown that in the inner stellar re-
gions where most of the DM population distribution ex-
ists the emissivity into neutrinos can be enhanced orders
of magnitude with respect to the MURCA standard neu-
trino processes for parameter sets respecting constraints
of direct detection limits and cosmological bounds. This
novel mechanism of energy release may lead to enhanced
cooling features. A detailed analysis is missing to deter-
mine whether locally warmer inner temperature stellar
profiles that can affect the onset of superfluid phases at
typical temperatures Tc ∼ 5 × 109 K. Although some
other heating processes have been quoted in the liter-
ature (rotochemical heating, Fernández & Reisenegger
(2005), or hot blobs located at different depths in the
crust in young NS ,Kaminker et al. (2014)) the qualita-
tive picture arising from the DM annihilation process is
different, as this heating in the inner region can produce
thermal instabilities in the inner core. This could be an
interesting field to explore in the future.
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